Advancements in the field of synthetic biology have been possible due to the 2 development of genetic tools that are able to regulate gene expression. However, the 3 current toolbox of gene regulatory tools for eukaryotic systems have been outpaced by 4 those developed for simple, single-celled systems. Here, we engineered a set of gene 5 regulatory tools by combining self-cleaving ribozymes with various upstream competing 6 sequences that were designed to disrupt ribozyme self-cleavage. As a proof-of-concept, 7 we were able to modulate GFP expression in mammalian cells, and then showed the 8 feasibility of these tools in Drosophila embryos. For each system, the fold-reduction of 9 gene expression was influenced by the location of the self-cleaving ribozyme/upstream 1 0 competing sequence (i.e. 5' untranslated region (UTR) vs. 3'UTR) and the competing 1 1 sequence used. Together, this work provides a set of genetic tools that can be used to 1 2 tune gene expression across various eukaryotic systems.
reporter. To generate the ribozyme constructs, we first removed the UAS-hsp70 1 1 0 sequence using the HindIII and KpnI restriction sites and added the hunchback (hb) 1 1 1 proximal enhancer (hbpe), the eve minimal promoter, and the lacZ reporter to create 1 1 2 pCB1181. Expressing lacZ from the hbpe creates a well-established domain of hb to 1 1 3 easily study the effects from the self-cleaving ribozymes (32) (33) (34) . For the insertion of 1 1 4 the self-cleaving ribozymes into the 5'UTR and 3'UTR of lacZ, the StuI and KpnI 1 1 5 restriction sites of pCB1181 were used, respectively. To insert the upstream competing 1 1 6 sequences, both the EcoRI and AvrII sites were added upstream of the ribozyme 1 1 7 sequence for ligation with annealed and phosphorylated oligos containing the competing 1 1 8 sequences of interest. sequence using the default settings (35, 36) . We extracted the ΔG of the structures 1 2 4 associated with the lowest free energy of a ribozyme in a cleavable and non-cleavable 1 2 5 conformation. The ΔG of each upstream competing sequence was calculated as the 1 2 6 difference between the ΔG of the cleaved and non-cleaved structures. See cleaving or non-cleaving conformation. Cytometer with CFlow plate sampler (Becton Dickinson). The events were gated based 1 4 5 on the forward scatter and side scatter, with fluorescence measured in FL2-H, using the 1 4 6 533/30 filter, from at least 10,000 gated events. The fold-reduction of GFP was 1 4 7 calculated as the ratio of the fluorescence values for the cells transfected with an 1 4 8 inactive ribozyme with a specific competing sequence over that of an active ribozyme 1 4 9 with the same competing sequence. aged to 2-4 hours from laying and then fixed using 37% formaldehyde following 1 5 3 standard protocols (37). FISH was combined with fluorescent immunostaining following 1 5 4 8 standard protocols (37). Briefly, fixed embryos were washed in 1xPBS buffer 1 5 5 supplemented with 0.05% Tween-20, and then hybridized with a fluorescein (ftc)-1 5 6 conjugated anti-sense lacZ probe at 55°C. The embryos were washed and incubated 1 5 7 with the rabbit anti-histone (Abcam, Cat: ab1791) (1:10,000 dilution) and goat anti-ftc 1 5 8 (Rockland, Cat: 600-101-096) (1:5,000 dilution) primary antibodies overnight at 4°C. Embryos were then washed and incubated for 1.5 hours with fluorescent donkey anti-1 6 0 rabbit-546 (Invitrogen, Cat: A10040) (1:500 dilution) and donkey anti-goat-647 1 6 1 (Invitrogen, Cat: A21447) (1:500 dilution) secondary antibodies at room temperature. Finally, the embryos were washed and stored in 70% glycerol at -20°C prior to being 1 6 3 imaged. All prepared embryos were imaged within two weeks of protocol completion. output strength of the laser. This allowed us to compensate for potential variability of 1 7 0 laser strength between imaging sessions. The prepared embryos were mounted 1 7 1 laterally using 70% glycerol using two pieces of double-sided tape. A Zeiss LSM 710 1 7 2 microscope was used to acquire 15-25 z-slices 45-60 μm apart at 40x magnification. Using Fiji, the z-max intensity projection for each embryo was measured for its the expression profile of lacZ should match the endogenous hb expression pattern due 1 7 7 9 to expression from its enhancer (hbpe). The fluorescent signal was obtained by 1 7 8 measuring the intensity from the anterior pole to the edge of hb domain using the tools 1 7 9 available in Fiji. After measuring signal, background noise was measured as the 1 8 0 intensity outside of the hb expression pattern. The fold-reduction of lacZ was calculated 1 8 1 as the ratio of the fluorescence values for the embryos with an inactive ribozyme with a 1 8 2 specific competing sequence over that of an active ribozyme with the same competing 1 8 3 sequence. Refer to Supplementary Document 2 for an in-depth protocol. Using the same embryos, the width of the lacZ gradient was compared with the active 1 8 6 and inactive ribozyme constructs. For this analysis, we used a supervised MATLAB 1 8 7 script to first locate and orient the embryo, and then shape the embryos' periphery 1 8 8 boundary. We then measured the fluorescence of the embryo across the anterior-1 8 9 posterior axis (see supplementary material for MATLAB scripts). To measure the 1 9 0 distance from the anterior pole to the boundary of the lacZ domain, we selected three 1 9 1 points along the y-axis and extracted the width corresponding to 50% loss of the 1 9 2 maximum intensity. We selected three different y-values to account for asymmetrical 1 9 3 lacZ gradients (Supplementary Figure 3) . The median of the three values was used to 1 9 4 represent the measurement of the lacZ gradient. sequences. For this study, we used the hammerhead self-cleaving ribozyme as it has 1 9 9
shown high activity in vitro and in vivo (29, 30) . Though these ribozyme constructs can 2 0 0 1 0 be placed in various locations within a transcript, we chose to test two specific locations: 2 0 1 the 5' and 3'UTR of the reporter genes tested (Figure 1C) . The competing sequences 2 0 2 were placed upstream of the ribozyme to ensure that transcription of the ribozyme 2 0 3 before the competing sequence did not result in self-cleavage prior to the transcription 2 0 4 of the competing sequence. Insulating sequences were flanked upstream of the 2 0 5 ribozyme/competing sequence to limit ribozyme misfolding due to flanking sequences 2 0 6 ( Figure 1B) . Finally, we designed the competing sequences using Mfold (35) to obtain a 2 0 7 set of sequences that were associated with varying levels of predicted folded and 2 0 8 misfolded ribozyme structures ( Figure 1D) . Each competing sequence varied in 2 0 9 sequence length and composition and were associated with different propensities to 2 1 0 base-pair with the stem of the ribozyme. Finally, each competing sequence lacked a 2 1 1 start codon to prevent premature translation initiation. modulate gene expression in mammalian cells. We first sought to test these 2 1 5 ribozyme constructs in a mammalian system. To this end, we tested the ribozyme 2 1 6 constructs in HEK293T cells. We inserted the self-cleaving ribozymes and 10 different 2 1 7 upstream competing sequences in the 5' UTR or the 3'UTR of GFP to observe how 2 1 8 various sequence configurations impacted reporter gene expression (Figure 2) . For each ribozyme/competing sequence tested, we used an inactive ribozyme with the 2 2 0 same competing sequence to act as a control. As the inactive and active ribozymes only differ by a single point mutation (31), the overall structure of the ribozyme was 2 2 2 preserved. After transiently transfecting these reporter constructs, the fluorescence of 2 2 3 1 1 the cells was analyzed by flow cytometry analysis. We found that these ribozyme 2 2 4 constructs were able to reduce expression of GFP in HEK293T cells, with fluorescence 2 2 5 generally being associated in a bimodal distribution (untransfected cells and cells 2 2 6 associated with varying GFP levels) (Supplementary Figure 2) . When located in the 2 2 7 5'UTR, the ribozymes/upstream competing sequences generally resulted in greater 2 2 8 range of fold-reduction levels compared to when located in the 3'UTR (Figure 2A) . represent the fold-reduction data (Figure 2A ) and the normalized fold-reduction data As the GFP fold-reduction levels between the 5' and 3'UTR constructs were variable, 2 4 9 we wanted to assess the effect of competing sequence insertion on GFP expression. competing sequence (Figure 2B) . While the loss of GFP expression was fairly 2 5 5 consistent for the constructs containing ribozymes with competing sequences in the 1 3 of misfolding. To this end, we compared the GFP fold-reduction levels with the predicted 2 7 0 free energy differences obtained from Mfold. To obtain these values, the difference 2 7 1 between the ΔG associated with the MFE structure of a ribozyme in a cleavable 2 7 2 conformation and the ΔG associated with the MFE in a non-cleavable conformation was 2 7 3 calculated (Supplementary Figure 1) . While the experimental data from HEK293T cells 2 7 4 showed a wide dynamic range of fold-reduction levels, there was a lack of correlation 2 7 5 between the experimental data and predicted free energy differences (Figure 2D) . We 2 7 6 then sought to use a different RNA predictive folding algorithm to see if it could better 2 7 7 correlate the fold-reduction of gene expression to predicted free energies. Thus, we 2 7 8 used Sfold to compare MFE's to the GFP fold-reduction (36). Similar to Mfold, there was 2 7 9 a lack of correlation between the experimental fold-reductions to the predicted free 2 8 0 energies (Figure 2D) . The lack of a correlation indicates the presence of external 2 8 1 factors that influence ribozyme self-cleavage, thus currently making this approach non-2 8 2 predictive. Even so, our data show that ribozyme/upstream competing sequences can 2 8 3 be used to tune gene expression in mammalian cells. Self-cleaving ribozymes/upstream competing sequences can modulate gene 2 8 6 expression in Drosophila. As a proof-of-concept, we next wanted to test these tools in 2 8 7 a multicellular system. We chose to work with Drosophila embryos as we have 2 8 8 previously used this system to study synthetic networks (40). Thus, we generated 2 8 9 transgenic fly lines carrying these ribozyme constructs. We first designed Drosophila 2 9 0 expression vectors containing the lacZ reporter expressed from the hunchback proximal 2 9 1 enhancer (hbpe). This enhancer results in an expression pattern similar to endogenous 2 9 2 1 4 hb, which has a sharp boundary at roughly 50% anterior-to-posterior (AP) coordinate 2 9 3 (32-34). The hbpe drives expression with a boundary at roughly 33% AP coordinate 2 9 4 ( Figure 3A) , which allowed us to quantitatively test these ribozymes in vivo. Similar to 2 9 5 the work in HEK293T cells, each ribozyme/upstream competing sequence tested were 2 9 6 compared to an inactive ribozyme containing the same competing sequence to act as a 2 9 7 negative control. Embryos were first hybridized with an antisense lacZ probe, then imaged by confocal microscopy. We found that the insertion of ribozyme/competing 2 9 9 sequences into a transcript expressing lacZ were able to tune lacZ expression levels in 3 0 0
Drosophila embryos (Figures 3B-E) . Unlike with the mammalian cell data, normalizing (Figures 2A-C, 3F-G) . While the fold-reduction values The domain of lacZ is similar to the endogenous hunchback (hb) gradient due to the containing a ribozyme sequence in the 3' UTR (yellow) or 5' UTR (blue) and prepared 3 2 0 for image analysis. Images were acquired using a Zeiss LSM710 confocal microscope. Using the same images, we then compared the width of the lacZ domain along the 3 3 3 anterior-posterior axis. We hypothesized that the embryos containing an active 3 3 4 ribozyme construct would be associated with a reduced domain width as the expression anterior pole). For each ribozyme construct, we observed that the differences in the lacZ 3 3 7 domain width were small, but noticeable across all constructs. Interestingly, only the two strongest ribozymes (i.e. A0-5UTR, A0-3UTR) resulted in a noticeable lacZ gradient 3 3 9 reduction (Figure 3J) , though the average gradient width between active and inactive 3 4 0 ribozymes were not statistically different. These results indicate that the lacZ domain 3 4 1 width did not vary between active and inactive ribozymes regardless of location or 3 4 2 competing sequence. In this work, we engineered a set of genetic tools that were able to modulate gene competing sequences resulted in the inhibition of gene expression in the absence of 3 5 0 ribozyme self-cleavage. This effect was greater when the ribozyme/competing 3 5 1 sequence was located in the 5'UTR ( Figure 2B) . After normalizing the fold-reduction 3 5 2 levels by accounting for the loss of gene expression, we observed that some ribozyme 3 5 3 constructs (most notably the 5'UTR constructs) reduced gene expression more weakly 3 5 4 compared to that data prior to normalization (Figures 2A/C) . In general, the 3 5 5 ribozymes/upstream competing sequences were observed to reduce gene expression 3 5 6 more strongly in HEK293T cells compared to Drosophila embryos (Figures 2 and 3) , which has also been observed in recent work (41). This difference could be due to 3 5 8 different biological machinery between mammalian and insect models, different 3 5 9
